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A  STUDY  CF  THE  HYDROGEN-DEUTERIUM  EKCHMQS  IN 

THE  HETEROGENEOUS  PHASE  THROUGH  ION  BCCHAI'IGES 

[Following  is  a  translation  of  an  article  by  Piroska 
Csanyi  Fodome  in  Maq^/ar  Kemiai  Folyoirat  (Hungarian 
Chemical  PeriodicaT}7  Vol  LXIVj  l5o  ll^  Budapest,  1958, 
pages  U17-U28.3 


I,  Cation  Exchange 

Isotope  exchange  reactions  are  chemical  processes  in  which  a 
macroscopic  change  takes  place  in  two  or  more  molecu2.ar  types  containing 
atoms  of  the  same  element  as  a  result  of  isotope-distribution  atomic 
exchanges  c  Because  the  isotopes  are  chemically  identical  the  them^ 
effects  connected  with  these  processes  are  negligably  small  i  /i  H  ^0)j 
thus  the  free  entalpia  diup  accompanying  such  an  automatic  process 
essentially  is  caused  by  the  increase  in  configurational  entropy s 

AQ  =  - T  4  S 

Many  exchange  reactions  between  hydrogen  and  deuterium  atoms 
in  a  heterogeneous  system  are  known*  For  example,  exchange  occurs^ 
between  deuterium  oxide  and  the  carbojQrl  hydrogen  atoms  of  sulphuric 
acid,  acetic  acid,  and  succinic  acid,  and  the  hydroxyl  l^^ogen  atoms 
of  sodium  hydroxide,  sucrose,  ethanol,  phenol  and  hydroquinone* 

[j^US  Atomic  Energy  Commission  NBS-U611,  1956,  page  80 j  NBS-U674,  1956, 
page  25,  NBS-U712,  1956,  page  18.]  Exchange  experiments  have  shown 
that  those  hydrogen  atoms  may  be  exchanged  directly  with  deuterium 
which  have  ionic  bonds,  or  the  bonds  of  which  may  form  ionic  bonds 
(such  as  in  the  case  of  keto-enol  tautomsrisra) o  The  exchange  of  hydrogen 
atoms  in  covalent  bonds  is  very  slow,  or  does  not  occur  at  all® 

An  interesting  instance  of  the  l^ydrogen-deuterium  exchange 
reaction  is  the  exchange  which  occurs  in  the  heterogeneous  ptese, 
because  investigation  of  this  exchange  may  provide  valuable  information 
on  the  heterogeneous  system® 

¥e  intended  to  utilize  the  hydrogen-deuterium  exchai^e  between 
ion-exchange  resin  and  deuterium  oxide  for  the  purpose  of  investigation 
of  the  ion  exchange  mechanism  and  for  the  performance  of  preliminary 
studies  of  reactions  catalyzed  by  ion-exchangers,  using  deuterium  and 
tritium  indicators®  Without  a  doubt  direct  exchange  between  the  resin 
and  water  plays  a  role  in  the  latter  reaction  to  the  extent  that 
separate  acknowledgement  of  this  partial  process  appears  absolutely 
necessary* 
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lon-exchangs  resiiis  are  synthetic  polymers  consisting  of  network 
layers  held  together  by  cross-bonds,  and  containing  active  exchange 
groups  (phenolic,  sulphonic  acid  or  carboxylic  groups)* 

The  layered  stiucture  makes  them  pervious  witK'respect  to 
solution,  and  the  cross-bonds  provide  mechanical  strength  and 
insolubility*  When  the  resin  comes  in  con'telct  with  an  aqueous 
solution  it  absorbs  water,  thus  the  cations  of  the  solution  may 
diffuse  into  the  pores  and  the  acidic  hydrogen  of  the  active  groups 
may  exchange  with  other  cations*  The  exchange  reaction  may  be 
represented  by  the  following  equaticn:  i  , 

+  hRH  lyi  +  riH'^ 

represents  the  cation  in  solution,  and  R.  represents  the  insoluble 
anionic  portion  of  the  resin*  Bxclnnge  reactions  reach  equilibrim 
slowly  becatise  the  diffusion  of  the  ions  toviard  and  apyi^rom  the 
acid  groups  is  a  Slow  process*  The  actiMty  of  a  resin  with-, respect 
to  various  ions  increases  with  an  ixicrease  in  the  ion  saturationi:  and 
decreases  with  an  increase  in  the  radivs;  of  the  hyiirated  ion.^  0* 
Samuelsont  Ion  Exchangers- in  itoalytical  Ghemistiyi  John  Wiley  Sons,. 
Mew  York,  1952,  page  35v]  Accordir^  to  decreasing  actiyity,  m  have: 
Th^+  >  La3-*-  >  Ba2+  >  Gs*,  or  Cst  >  Rb+  >  K+  >  Ma^  > 

Experiments 

The  exchange  of  acidic  hydrogen  atoms  of  cation  exchangers  were 
investigated  in  an  aqueous  solution  of  deuterium  oxide*;  following 
cation-exchanger  reains  were  studied:  Amberlite  IRj-120  and  Amberlite 
IEC-50*  The  significant  data'ef;  the  resins  are; shown, in  Table  1*3 
[3  F*  G.  Nachbd  and  J*  Schubert:  Ion  Exchange  Technology#  Academic 
Press*  ]nc*  Publishers,  New  York,  T956>  page  2U*3 

TABLE  1  : 

Significant  Data  of  Resins 

Name  Gomposition  Manu-  Experimentai' TotaT  High-  Useable 

fact-*  Gapacity,  mcky/g  cst  Range, 

urer®s  :  .--Util--  in. 

Spec-  mTj;:sMc;'v;  ;  izable  ; 

ifica-  Terap- 

tion  of  20  71*5  80  90  .  erature 

'mckv/g-  ’  c. 

Amberlite  Sulphonic  Acid  U«9-5*0  U.2  h*, 2  U*2  l^*2:  l2l  G°  O-lh 
IR-120  Polystyrol 

Amberlite  Garboxilic,  10.0  10*0  10*0  9*2  8.1  121  0°  7-lh 

IRG-50  Polyaciylic  Acid  - 

■j^Ten^jerature  refers  to  the  sodium  salt  of  the  resin* 
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The  exchange  reactions  were  allovred  to  proceed  under  static 
conditions,  using  the  sans  mass  ratio  of  resin  to  deuterium  oxide. 

The  resins  uere  pulverised  aiid  divided  into  three  size  fractions 
with  series-sifting:  0,6  to  0»hS  tm,  OcU  to  0,35  mm,  and  0,1  to 
0,06  mm.  The  separated  fractions  then  were  activated  with  lO  percent 
sulphuric  acid  for  two  hours,  to  remove  any  cations  which  may  be 
present.  After  washing  to  remove  sulphate  ions  the  resin  was  dried 
in  air.  Each  resin  portion  was  used  only  once,  A  2-gram  sample  of 
each  air»»dry  fi'action  was  weighed  out^  shaken  for  the  desired  length 
of  time  with  50  g  deuterium  oxise  aqiieous  solution,  the  res  is  was 
filtered  and  the  change  in  deuterium  oxide  concentration  in  the  residue 
was  determined.  In  the  ejqjeriments  described  in  the  present  report 
the  starting  concentration  of  deuterium  in  the  solution  was  11,39^^ 
mol-^  in  all  cases  (the  results  of  a  series  of  tests  with  higher  concen¬ 
trations  will  be  reported  later),  which  sho^d  a  change  of  several 
hundredths  of  a  percent,  at  the  most,  durir^  the  course  of  the  excli^ge 
(Tables  2  to  5)«  Thus  the  exchar^es  took  place  in  a  medium  of  practical 
constant  concentration,  but  the  chaages  still  were  sufficiently  _arge 
ensure  adequate  raeasurcmental  accuracy  (see  below), 

TAR,E  2 

Exchange  Capacity  as  a  Function  of  Type ’of  Resin 
Starting  concentration  of  solution  llo392ji^,0005  mol-^ 

71,5  C°j  2  g  resin  +  50  g  solution:  pjj  »  6.0;  rQ  “  0,6 
,  to  0,U5  mm  grain  siz? 

A  »  Ambcrlitc  iR-120  B  "Araberlite  lRC-50 


Agita¬ 

tion 

Time 


Decrease  in  Decrease  in  Quantity  of - 
Solution  Con-  Deuterium  Deuterium 


centration, 

A  Y  5>»5 

A  B 


Content  of 
Solution 

(Ay)  raol- 
^+0,0005 
A"  B 


Bound  on 
the  Res in 
(®D) 
mckv/g 
A  B 


A 


^  X9j3  “  fn 
B  A 


1  hour  7o9  13-0 1 

2  «  l5ol  21o7 

3  «  17,9  23,6 

h  «  17o8  25.1 

6  »  18,0  25.6 


0,007U  On 0103  0,202  0,282  0,0U8  0,0282  0,0l6l 

0,0140  0,0201  o,38U  0,551  0,091  0,055l  0,030U 
0,0166  0.0219  0,U55  0,600  0,108  0.0600  0,0361 
0.0165  0,0233  0,l).52  0,639  0.107  0,0639  0,0359 
0,0167  0.0237  0,U58  0.650  0,109  0,0650  0e03o3 


TABLE  2  (right  side) 


a 


a® 


6  hours  0.953  0,5U2  0.293 


-  3  - 


(b)  Asiberlite  IRC-^O 


6  hours  15«6  2U»5  OoOllt^  0,0227  0,397  0,622 


0,0^97  :0«0622  0,03^  0^0676  "  -;©e322  0,517  566^0 
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TABLE  $  (continued) 


1 


The  exchange  capacity  of  the  resins  were  investigated  as  a  fttnetion 
of  the  temperature  (60^  80  and  90  C®),  the  pj^  of  the  solution  (1<0 

to  6.0),  and  the  grain  size  of  the  resin  (rQ  =  0.6  to  0.U5  mm,  O.U  to 
Oo35,  and  0.1  to  0,06  mm  radius  fractions).  The  exchange  occurring  in 
the  11,392  mol-fo  starting  solution  was  taken  as  the  standard  at  71s5  0°, 

Pfj  6.0  and  wiUi  the  0,6  to  0,L.5mm  radius  fraction.  (The  ^  6  level 
derives  from  carbon  dioxide  dissolved  in  distilled  water,) 

Determination  of  the  speed  of  absorption  of  deuterium  by  the 
resin  and  of  the  end  value,  which  were  the  goal  of  the  experiment, 
theoretically  are  attainable  in  two  ways s 

(a)  the  direct  method,  according  to  which  the  deuterium  content 
of  the  resin  and  solution  are  determined  separately  at  given  points  of 
time,  or 

(b)  the  indirect  method,  according  to  which  the  deuterium  con¬ 
centration  of  the  solution  only  is  determined  before  and  after  exchange, 
or  at  the  extreme  phases  of  the  process.  The  quantity  of  deuterium 
which  has  migrated  to  the  resin  may  be  calculated  from  the  difference 
between  the  two  concentrations.  Because  the  direct  method  would  have 
been  very  difficult  in  our  experiments  (the  water  produced  during  burning 
away  of  the  resin  would  have  had  to  be  analyzed),  the  deuterium  absorption 
by  the  resin  liras  traced  through  measurement  of  the  concentration  of 
deuterium  in  solution. 

Determination  of  the  Do'.'iterium  Content 

The  deuterium  content  of  the  water  Was  determined  by  concentration 
measurement  based  on  i/he  familiar  suspension  method  at  25  degrees 
Centigrade,  with  0.005  CO  accuracy.'^'  [«  K.  Czike  and  P,  F.  Csanyis 
Magy,  Kem,  Fclyoirat  (Magyar  Keraiai  Folyoirat  —  Hungarian  Chemical 
Journal),  Mo  61,  1955,  page  385.3  'fhe  suspension  material  used  in  the 
concentration  measurements  was  selected  to  be  suspended  in  deuterium 
oxide  solution  of  the  starting  concentration  level  used  in  the  e^qieri- 
ments,  at  25  CO.  The  D2O  raol-^  may  be  calculated  from  the  concen¬ 
tration  by  the  following  methodob  [5  i,  Kirshenbatan:  Physical  Properties 
and  Analysis  of  Heavy  Water,  McGraw-Hill  Book  Company,  Inc«,  Mew  York, 

1951j  page  lb.]  , 

Assuaiing  that  in  H2O  -  DgO  mixtures  the  molecular  volumes  (Vi 
and  V2)  are  additive,  for  the  sample  concentration  of  D2O  in  an  W 
molecular  fraction  may  be  written  as  follows  (M;i^  and  M2  are  molecular 
weights): 

(1-W)  M^  +  MM2 

^  “  (1-M)  Vi  +  MV2' 

If  the  concentration  of  pure  H2O  (deuterium  oxide-free  water)  is  djL 
and  the  D2O  concentration  is  d2,  then: 

Ml  M2 

Vi--  andVj-- 
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Substituting  these  values  and  solving  the  equation  for  W,  after  the 
appropriate  manipulations  we  arrive  at  the  followir^  esqjression: 

a  A  d 

^  “i  -b  A  d,-" 


where 

d  «  d  =  di  a  «  -  Ij 


Madl 


dg  -  di 


The  numerical  values  to  be  substituted  ares  Mi  *»  18*01571  and  Mo  » 
2O0O28561  at  25  C°s  d]!  “  0i95706  g/ml  (piptium  oxide  is  16  <»  10“6 
density  units  lighter  than  normal  water)  and  dg  »  l*10i;5l  g/ml*  Thus: 


a  «  9«i2735  and  b  1“  0*0329 


or  expressing  the  deuterium  content  in  mol  percentage  (Y)  instead  of 
mol  fractions 

Y_  927*35  Ad 

1  -  0.0329 Ad  ^  ^ 

In  our  experiments  the  11,392;  mo, l?i>52  solution  uas  the  standard,  and  the 
concentration  changes  which  took  place  with  respect  to  this  value  are 
presented  in  the  customary  units  (lY  **  10“^  density  units). 
Because  the  i-eduction  in  conc^tratibn  of  deuterim  oxide  solution 
(reduction  in  density)  as  a  result  of  exchange  is  only  a  few  hundredths 
of  one  mol  percent  (several  hundred-thousandths  of  a  density  unit),,  the 
second  member  of  the  numerator  in  ecjiation  (1)  is  negligable  with 
respect  to  unity*  According  to  the  above  the  appropriate  changes  in 
mol  nvmbers^ are  as  follows s 

Ay  «  9.2735  «  10"^  AY 

The  solutions  were  prepared  for  determinations  by  alkylizing 
the  organic  materials  dissolved  out  of  the  resin  by  boiling  with  KMnOh, 
and  then  distilling  twice.  The  deuterium  content  of  the  main  solution 
was  determined  by  this  method  also. 

In  the  case  of  hydrochloric  acid  aind  sulphuric  acid  solutions, 
because  exchange  takes  place  between  the  acids  and  the  deuteritim  oxide, 
it  is  essential  that  the  l^ydrogen  atoms  of  the  hydrochloric  and 
sulphuric  acids  also  are  included'^  in  the  solution  to  be  deteminsd. 
Because  of  this  the  solution  were  exposed  to  dessicated  magnesium 
carbonate  and  distilled  until  dry.  All  data  are  the  averages  of  three 
parallel  e^qperiments. 
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Dstemination  of  tJis  Total  Exchanga  Capacity  of  the  Resin 

The  total  ion^exchangc  capacity  of  the  resins  was  determined 
by  the  addition  of  more  n/lO  KaOH  solution  than  the  manufacturer's 
s^cification  of  capacity  at  the  given  temperature.  Allowing  a 
sufficient  time  for  the  hydrogen  atoms  of  the  cation  exchangers  to  be 
exchanged  with  sodium  ions,  the  resin  sample  was  filtered  and 
thoroughly  washed  with  distilled  water,  and  the  excess  alkali  remaining 
in  solution  xras  back-titrated  with  n/lO  HCl,  The  quantity  of  Ua  ions 
bound  by  the  resin,  related  to  the  weight  unit,  is  the  capacity  of  the 
resin  (mp),  which  it  is  customary  to  express  in  mi lliequivalents 
(meto'/g)  ‘(multiplication  of  the  equivalent  valxie  by  the  Avogardo  number 
gives  the  nximbcr  of  active  places  of  the  res  in)  [  ¥,  Fo  Libby: 

J.  Cheffio  PhySo,  Wo  11,  19U3>  page  lOlo] 


Hydrogen-Deuterium  Exchange  Capacity  as  a  Function  of  the  Active  Groups 
of  the  Resin  ”” 

“cS^arison  of  the  H-D  exchange  capacity  of  the  two  cation  exchangers 
under  standard  conditions  (Table  2,  Figure  1)  shows  that  the  exchange 
capacity  of  Amberlite  IRS-50  is  greater  than  that  of  Amberlite  IR-120* 
Howe^/er,  when  the  quantity  of  deuterium  bound  on  the  resin  (ra^)  is 
converted  to  unit  ion  exchange  capacity,  the  above  order  is  changed, 
and  the  deuterium  mol  fraction  of  the  greater-capacity  Araberlite 


V 


mp 


IRC-50  is  smaller  than  that  of  ihuberlite  IR-120,  The  reason  for  this 
probably  is  the  fact  that  although  sulphonic  acid  resins  form  a 
completely  dissociated  internal  solution,  according  to  the  neutrali¬ 
zation  curve  dissociation  is  very  slight  in  the  carboxylic  resin, 
similar  to  the  case  of  small-molecular,  weak  acids L  R,  Gricssbachs 
Austauschadsorption  in  Theorie  und  Francis  (Exchshge  Adsorption  in 
Theory  and  Practice),  Akademie-Verlag,  Berlin,  1957,  page  278,] 

Comparison  of  the  exchange  speed  shows  that  the  speed  of  exchange 
on  the  sulphonic  acid  resin  is  greater  than  oh  the  carboxylic  resin. 
Amberlite  IR-120  reaches  its  end  value  in  three  hours,  while  it  takes 
Amberlite  IRC-50  four  hours  to  reach  the  end  point. 


The  H-D  Exchange  Capacity  as  a  Function  of  Temperature 

Temperature  generally  has  a  small  effect  upon  the  end  values  of 
ion  exchange,  with  exceptions  to  this  rule  in  the  case  of  neutrali¬ 
zation  reactions.  The  effect  of  temperature  depends  upon  the  change 
which  occurs  in  the  dissociation  of  the  solutions  and  in  the  swollen 
condition  of  the  exchanger.  As  a  result  of  these  two  effects  the 
quantity  of  exchanged  ions  may  increase  with  an  increase  in  temperature. 
If  active  groups  are  split  off  from  the  resin  with  an  increase  in 
temperature,  an  increase  in  temperature  has  an  opposite  effect  upon  the 
exchange. 
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Temperature,  has  a;elgnifi'cant  effect  upon  th?  speed  of  exchan^ 
if  the  process  recjuices  themal  activatioa,  dr  if  diffusion  is  the 
speed-determining  step .  in  ^  respect  to  the  dfesmicaX  reaction  of  exchange. 

At  20  CO.  there  is  ndomeasurahZe  exch^e  between  the  investigated 
cation  exchangers  and  deuterium  oxidey  and  ttiis  occurs  only  at  higher 
temperatures.  This ’unequiyocahly  indicates  that  the  H-D ' is  an  energy- 
limited  process,.  FUrthe.rmore:ihoweveri  in  the  case  of  Jhnherlli^ 
the  apparent  exchange  capacity  measured  at- 9:0  CQ  is  greater  than  at 
7lo5  CO  (see  below,  with  respect  to  itoberlite  IRC-SO), -or  a  similar 
phenomenon  is  detected,  such  as  is  ccanmonly  Itnown  in  connection  with  the 
activated  adsorption' of  gases s  the  exchange  capacity  increases  w  ith  an: 
inc;.-ease  in  ^peraturc.  At  the  same  time,  however j.; the  dissociation  of 
deutei'ium  oxide  also  increases,  and  the  diffusion  of  deuterium-containing 
hydroxonlura  ions  within  ttie  resin  is  speeded  up,  and  thus,  a  greater 
speed  of  exchange  may  be  expected.  This  increase  in  speed  was  actually 
observed  in  the  case  of  both  resins  investigated  (Table  3,  Figure  2), 

In  the  case  of  Amberlite  .;IRG-50;:iess  deuterium  iras  boimd  at  90  C^  . 
than  at ;71,5f  C^,  The  explanatiw  laiis  bohavior,  which  at  first 
glance  appears  surprising;  m^  fact  that  carbo:!qrlic 

resin  is  more  Sensitive  to  temperature^  said,  beyond  a  certainj;  definite 
temperatur^,  the  number  of  a^iveVplaces  is' reduced*  ;According  to  data 

contained  in  the  literature^  both  Amberlite  IR-120  and  Amber lite  IRC-^O 
msy  be  used  up  to  121  C°,  which  data,  hovxever,  relate  to  resin  in  the 
form,  of  sodium,  salt  (Table  1),  ;  .  .  •; 

The  drop  ip  the  number;, of  active  places  also  was  controlled  through 
titrationiby  determination  .of  the  total  iQn--exchange  capacity  of  the 
resin  at  20,  71,5,  .8iD  .and! 90  O'?,  For  Amberlite  .IR-120  the  capacities 
measured',  at  the  four  temperatures  were  identical,  b  ut  for  Amberlite 
IRC-50  the  capacity-at:80  and.  90:5^  th^  at  ,26  0°  (Table  1), 

If  ttie  deuterium  mol  fractloh  pf  the  resin  (Xq^)  is  calculated 
at  the  lower  capacity  (nbij^).  of  the  experimental  temperatures,  the  ; 
values  obtained  at  80  ana  90  C9  are  greater*  than  the  vaitie  obtained 
at71.5'CO.:; 

plotting  the  end  values  of  exchange  as-  a  function  of  temperatTiie  ■  “ 
(Figrire  3)j  it  is  seen  tl^t  the  end  quantity  of  Amberlite  IR-120  -  ^ 

increases  with  temperature,  and  the  end  value  of  Amberlite  IRC-50 
reaches^a  maximum  at  approximately  75  tCo, 

Plotting  thexaid  mol:  fractions  as  a  function  of  temperature^ 
we  see  that  the  Xd  of  Amberlite  IRS-5^  also  has  a  , maxiirnm  at  approxi¬ 
mately  75  C®,  and.  its  increases  with  tenperature,  ,  .  . 

The  Excl^ge  Capacity  as  a:  Fijnetion  of :  the  pj^  of  $oiution  •  - 

.^The  change  in  Ip«itogen  idn  ccmcentration  in  solution"  generally 
has  two  ■  effects  updh  l^ie'  cation:,  exchangers:  With  a  change  in  p^ 
the  swelling  of  the  resins,  and  the  dissociation  of  the  active  groups  ^ 
change.  According  to  data  of  the  literature?  the  ion  exchange  capacity 
of  sulphonic  acid  resins  generally  is  independent  of  the  pjj  of  the 


solutiono  [7  Ro  Griessbachs  opo  cito,  page  233.  ]  The  cation  exchangers 
swell  more  at  a  higher  p^^jj,  whereupon  the  internal  surface  is  more 
^accessible  to  the  particleso  Because  of  the  pj^-dependence  of  swelling, 
in  several  cases  the  ion  exchange  capacity  of  the  sulphonic  acid  resin 
to  a  slight  extent  may  vary  with  the  pfj  of  the  solutiono? 

In  carbo3<ylic  resins  the  capacity  increases  with  an  increase 
in  Pfj,  not  only  bjecause  of  greater  svxelling  of  the  resin,  but  also 
because  the  exchange  is  a  limited  process  and  the  number  of  dissociated 
carboxylic  groups  in  the  internal  solution  is  determined  by  the  pu  of 
the  solution®*  ” 

The  deviation  in  the  dissociation  of  the  interml  solution  derives 
from  the  different  acidity  of  the  two  resins.  Determining  the  acidity 
of  the  ion  exchangers  through  measurement  of  sugar  inversion  speed,  the 
apparent  acidity  of  sulphonic  acid  resin  was  found  to  be  between  that  of 
hydrochloric  acid  and  raonochloracetic  acid,  close  to  the  latter.  The 
acidity  of  carboj^lic  resins  was  found  to  be  between  that  of  formic 
acid  and  acetic  acide®  [®  Griessbachs  op.citc,  page  270.]  Thus  both 
the  acidity  investigations  and  study  of  the  neutralization  curves  indicate 
that  the  sulphonic  acid  resins  act  like  strong  acids,  and  the  carboxylic 
resins  act  like  weak  acids, 

Jn  deuterium-hydrogen  exchange  the  hudrochloric  acid  or  sulphuric 
aoid^ added  to  solution  for  the  pjrpose  of  reduction  of  the  pjj  may  have 
a  role  different  from  those  described  above®  An  exclange  also  takes 
place  betX'jeen  the  deuterium  oxide  and  the  two  acids [9  2ho  M.  Serserer 
and  Ao  I®  Brodskiys  Acta  Fizikokhira®  URSS  (Journal  of  Physical 
Chemistry),  Mo  2,  19357' pagc^B3oJ 

HeSOi^  +  KDO  ^  HSOjJ  +  HgBOtp?-  DSOj  +  H3O+ 

HS0{[  +  HDO  SC|“  +-yi2W*^  DSOJ’  +  H2O 

HpSOlt  +  DpO  ^  HSO^  +  HDqO'^— DSO^  +  HoDO'^ 

HSOj^  +  DoO  S0^“  +  ^  DS0“  +  HDO 

HCl  +  HDO  H2D0‘*’  +  Cl"  DCl  +  H2O 

HCl  -ir  DoO  HDoO'*'  +  Cl"  DCl  +  HDO 

As  a  result  of  ionization  and  exchange  the  deuterium  enters 
partially  the  hydrochloric  acid  and  partially  the  sulphuric  acid,  or 
instead  of  deuterim  oxide,  which  itself  is  only  slightly  soluble 
(I^^O  «  0®33  o  lO"^),  the  solution  contains  deuterim-containing  ions® 

Because  of  the  greater  deuterium  ion  concentration  the  end-point  is 
reached  more  rapidly,  and  if  the  effect  of  the  deutero-acids  is  greater 
than  the  reduction  of  internal  dissociation  by  the  hydrogren  ion  concen¬ 
tration,  the  exchange  capacity  also  may  be  altered. 
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An  actually'  greater  exchange  capacity  than  that  of  sulphonic  acid  ‘ 
resin  and  more  rapid  attainment  of  end-point  were  oiatained  in  deuterium 
oxide  solution  containing  hydrochloric  acid  and  sulphuric  acido  With 
carboxylic  acid,  however,  capacity  drops  with  a  reduction  in  although 
the  end-point  also  is  reach^-more  rapidly  in  this  case  (Table  U, 

Figures  I4.  and  6)« 

In  Amberiite  IR-120  the  end  concentiation  increas  es  wi  th  a 
reduction  in  pjj,  and  reaches  Saturation  at  pj^  «  2o0o  The  end  values  of 
sulphuric  acid  exchange  are  greater  than  that  of  hydrochloric  acid 
(Figtires  5(a)  and  7  (a))« 

In  Amberiite  M!/-50  the  end  values  increase  with  an  increase 
in  pf{o  The  end  mol-  fractions  vary  linearly  with;  the  p^  both  in  the 
presence  of  hydrochloric  acid  and  sulphuric,  acid  (Figures  5(b)  and  7(h))« 

Exchange  Capacity  as  a  Function  of  Resin  Grain  Size 

Among  others,  diffusion  of  the  exchanging  ion  within  the  resin 
has  an  important  role  in  the  exchanges  “which  take  place  on  the  ion 
exchangero'  Because  with  a  reduction  of  the  grain  size,  of  the  resin  the 
path  of  an  ion  from  the  surface  of  the  resin  to  the  active  group  within 
the  resin  is  shortened,  a  greater  reaction  speed  may  be  ej^ected  with  a 
smaller  resin  diameter.  For  similar  reasons  the  speed  of  reaction  is 
greater  in  ester  fozmatioh  and  hydrolysis  catalyzed  by  cation  exchangers 
if  the  radius  of  the  ion  exchanger  is  reduced® J»  Fddor  and  E® 
Hajos:  M.  Tud  Akad®  VII.  Oszt®  Kozl®  (Magyar  Tudomanyok  JUtademiaja  VII® 
Osztaly  Kozlemenyei  Reports  of  the  Seventh  Department  of  the 
Hungarian  Academy  of  Sciences),  Uo  5 j  1955 j  page  5U5o] 

According  to  our  ej^eriments  (Table  6,  Figtire  8)  the  speed  of 
cjojhange  increases,  and  thus  the  end-point  is  reached  more  rapidly  in 
both  resins  with  a  reduction  iri  the  grain  size  of  the  resin.  The  value 
of  the  dsuterhtra  concentration  end  point,  however,  is  independent  of 
the  resin  grain  size,  apparently  because  the  active  groups  are  evenly 
distributed  on  the  resin. 
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TABLE  6  (continued) 


o 


Evaluation  .  .  .  ,  , _ 

— - STthe  final  analysis,  the  following  exchanges  take  place  between 

the  cation  exchangers  and  the  deuterium  oxide: 

RSO^  +  HDO,"!?  RSO3D  +  HpO 

^  ^  £  sulphonic  acid  resin 

RSO3H  +  020,;;;;;:^  RSO3D  +  HDO 

I 

and 

RCOOH  +  HDO  T'g  RCOOD  +  H2O 

carboxylic  resin 

RCOOH  +  DgO  ^  RCOOD  +  HDO 
Because  of  the  equilibrium  between  H2O  and  D2O, 

H2O  +  D2O 2  HDOj  K  =  3*8  at  25  C°, 
and  K  =  3*87  at  100  0° 


the  ratio  of  HDO  in  the  deuterium-content  molecules  was  0,939  in  the 


11,392  mol-^  solution. 

It  is  customary  to  give  the  degree  of  exchange 


in  two  different 


TfifiiVS  e 

(a)  Exchange  is  given  only  in  reference  to ^ the  resin, 
mol  fraction  (Xn)  of  deuterium  bound  on  the  resin  is  stated.  The 
fraction  is  taken  to  mean  the  quantity  of  exchanged  active  places  C^dJa 
divided  by  the  quantity  of  the  total  active  places  on  , the  resin 

[^2  X,  Brdey-Gruz  and  G,  Schays  Elmeleti  Fi2iha.i  Kemia  (Theoretical 

Physical  Chemistry),  Vol  II,  page  39U, J  ~  ^  /  \ 

(b)  The  exchange  is  indicated  by  the  separation  factor  (a),  which 
is  in  equilibrium  with  the  deuterium/hydrogen  ratio  bound  on  the  resin, 
and  divided  by  the  deuterium/hydrogen  ratio  present  in  solution, 

[^8  Do  Ro  Augood:  Mature,  Mo  178,  1956,  page  75UoJ 
If  the 

AI  BI*  AI»  +  BI 


exchange  takes  place ,  the  separation  factor  is : 

(I«/I)A 
a  «  (IVI)B 

I  represents  the  type  of  atom  participating  in  the  exchange,  or  the 
quantity  of  this  atom  (the  tydrogen  atoms  of  the  resin),  ^d  I* 
represents  the  isotope  which  replaces  the  I  atoms  (deuterium).  Only 
the  quantity  of  exchangeable  atoms  was  taken  into  consideration  in 
the  value  of  I  (only  those  hydrogen  atoms  of  the  resin  which  are  bound 
to  the  sulphonic  acid  or  carbojyl  groups).  In  the 
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and 


RSO^  -t-HDO^IZl  RSO3D  +  H2O 
11?  19  I 

RCOOH  +  HDO  RCOOD  +  HgO 
II*  18  I 


exchanges: 


(I*/I)a 


CH  -  HID 


1-Xj5 


(iVlg) 


100  -  (Yq  -  Ay) 


a 


^  Yq~ay 
^  100  -  (Yq  -  A.Y)  '  ^ 

(Yq  represents  the  starting  concentration  of  deuterivan  in  ilie  solution, 
and  A  Y  represents  the  decrease  in  deuterixnu  concentration  of  tl® 
solution  in  mol-^)*  The  value  of  a  is  given  . in  the  last  column  of  the 
tables* 

According  to  the  data  of  the  literature.,  in  most  cases  a  is 
very  close  to  unity,  -which  laeans  that  the  . distribution  of  isotopes  is 
identical  in  both  binding  methods.  Exertions  are  the  hydrogen- 
deuterium  exchange  between  deuterium  oxide  and  acetone  ^a  —  0*83  to 
0,71),  ammonium  chloride  (a  -  I* 251),  acetic  acid  (a  »  0eU5),, suepse 
(a  «  0*83),  pyrole  (a  =  1*2^)  and  hydioquinone  (a  -  0.88U)«‘^  A*  I* 
Brodskiy:  J.  Phys*  Chem*  USSR,  Ko  9,  1937,  page  755o3  . 

According  -to  our  experiments  a  always  is  less  than  unity  for 
Amberlite  IRC-^O,  and  ranges  between  0*96  and  1*14.2  for  Amberlite  IR-120a 
The  separation  factor  less  than  unity  indicates  that  the  hydrogen- 
deuterium  exchange  is  a  kinetically  limited  process  because  identical 
isotope  distribution  cannot  be  expressed  in  both  phases*  This  also  is 
indicated  by  the  fact  that  the  degree  of  exchange  depends  upon  tempera¬ 
ture*  A^sirailar  phenomenon  was  found  in  exetenge  between  naphbhalene 
and  DBr^^,  in  which  a  also  depends  upon  the  -temperature;  between  G  C° 
and  70  0°  the  separation’ factor  changes  from  0*32  to  0*Ul.  ^ 

The  a  y  1  values ’•encountered- in  a  sulphonic  acid  resin  probably 
are  connected  with  the  fact  that  because  of  the  complete  internal 
dissociation  the  exchange  reactions  are.; approximately  the  following; 


^  RSO^oOHDg  +  HgO 

J  RSO“oGHdJ  +  HDO 
RSOJ.GD3  +  H2O 
•  RSG".GD3  +  HDG 

From  ths  equations  it  is  clear  that,  there  are  actually  3inH  exchangeable 
places  on  the  sulphonic  acid  resin*  Dividing  the  "yalues  of  the 
sulphonic  acid  resin  by  three  thus  compistiiig  the  value  of  a  (a*)^ 

in  every  case  we  get  a  value  less  than  unity* 

The  probable  reason  for  the  fact  that  an  actual  equilibrium^  is 
not  reached  may  be  that  the  forraation  of  the  RSGocOH^  ion  complex  is^a 
limited  process.  The  ion-exchange  resins  contain  bound  water  in  various 
forms  (structural^  hydrate,  or  water  of  swelling)*  It  is  well  known  that 
the  water  absorption  of  a  given  resin  also  varies  with  the  quality  of  the 
bound  ion,  because  certain  ions  carry  coatings  of  hydx'ate-water  with 

them*  ' 

The  sulphonic  acid  resins  swell  to  a  great  extent,  and  the^ 
carbcjiylic  aresins  swell  to  a  slight  extent*  ¥hen  the  resin  is  dried 
out  (air  dry)  part  of  the  adsorbed  water  is  removed,  and  this  drying  ^ 
is  partially  an  irreversible  process,  because  the  capacity  to  swell  is 
reduced,  active  groups  may  break  off,  and  the  grain  surface  may  be 
reduced,  which  phenomena  cause  a  reduction  in  capacity* 

According  to  calculations  the  water  remaining  in  the  resin 
capillaries  (approximately  20  percent)  would  be  adequate  to  make 
RSG“eOHj  ion-complexes  from  each  RSG3H  group,  but  probably^  is  inadequate 
to  lill'^the  capillaries  with  water  and  maintain  the  resin  in  a  swollen 
condition*  Because  of  this  only  part  of  the  RSG3H  groups  actually  are 
in  RSGo/>0Ho  form  originally*  Wien  the  aqueous  solution  of  deuterium 
oxide  Is  auded  formation  of  the  lacking  RSG^oOH^  groups  begins,  and  this 
process  is  furthered  by  an  increase  in  temperature* 

In  addition  to  the  above,  stereometric  blocking  also  may  occur 
in  part  of  the  active  groups,  and  because  of  this  the  capacity  is  less 
than  the  value  obtained  by  analysis  of  the  finished  resin* 

The  total  ion-exchange  capacity  found  in  the  literature-^  is  not 
an  actual  physical  constant  because  it  depends  upon  the  quality  of  the 
ions,  the  swollen  state  of  the  ion-exchange  resin,  the  previous  history 
of  the  resin,  etc.  Thus  the  exchange  capacity,  established  for  an  A-B 
ion»pair,  is  not  definitely  the  same  as  for  the  A-C  ion-pair,  even 
though  the  previous  history  and  swollen  state  of  the  resin  may  be 
identical*  Thus  the  total  ion-exchange  capacity  given  in  the  literature 
for  H-Wa  ion-pair  may  serve  only  for  approximate  orientation  with 
respect  to  other  ion  exchanges© 


RSGj.OHgD'*’  +  HDG  ^ 
RS0J.GH2D'^  +  D2O  ^ 
RSO30OHD2  +  1-IEO  ^ 
RSGJ.OHdJ  + 
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A  certain  stoilarlty  W  ^ 

in  sulphonic  acid  in  a  2o3  ,mol^o 

the  exchange  betwe^  Naio'^l|OM  snitsfn  and  ?•»  Berezinas 
dueterim  oxide  solution.  li  wmik  .^  Reports  of  the  Academy 

nokl-  Akada  Mauk  ^SR  [Doklady  nRP,1  D*"  exchange 

^-gji^HceTiSSRir^  1956,  page  l,oah.  J  AC  ^  At  100  C°  the 

vas  rapid,  and  x-rithin  12  ho^s  excteng  partially  dehydrated, 

speed  of  excW  ia  more  uSd,  no  ^change  occurred  at 

for  example  if  lJai#|20Ul  «  q  was^exchanged  at  100  C®. 
room  with  inspect  to  carboxylic  resin. 

The  situation  is  roo"  ®  OH'*’  system  cannot 

Because  of  the  unity  cannoS  he  ej^ected. 

he  foraed,  and  thus  a  value  of  ajt^t^  t^^  y 

The  carboxylie  resinSj  *"  smajler^han  unity  possibly  may  he 

only  slightly.  t>«.=^*SoaSSiSs^  Sf  carto^ylic  resin  uW. 
explained  by  formation  of  hy  g  aqueous  solution  of 

the  aid  of  adhered  water,  similar  to  tnat  oi  an  aqu«o 

acetic  acids 


•C  '  0 


■  • 

^  ;  H  .  :  V 

4rjHicated  bv  the  irvtercstii^ 

The  similarity  of  the  aci^Ld  an  aquews  solution  of 

result  that  in  .^^^Sr^fition  to  ^  “  O.Sh  obtained 

deuterium  oxide  a  «  the^Jiterature  a  always  is  considerably 

in  Si  SSogfnSiitoSm  exchanges  in  which  wegly 

^cKi?rr=;Ss|ertic^^e«e^^^^ 

hydrog^'^rtaelSange  as  a  fimetion  of  the  deuterium  content  of 
the  solution.  J..4.»,'^aa  ttmiIH  like  to  express  his  thanks 

to  Acad^iSS  GeS^SpjV 

Trencseni,  a  technical  associate  cf  the  author. 
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Stanraary 

*  The  replacement-exchange  of  hydrogen  by  deuterium  on  cation 

exchangers  (Araberlite  IR-120  and  Amberlite  IRC-^O)  was  investigated 
in  an  aqueous  solution  of  deuterium  oxide  as  a  function  of  the  type  of 
cation-exchange  group,  temperature,  pj^  of  the  solution,  and  grain  size 

of  the  resin«  ^  ^  ^  ^  .  . 

Tlic  speed  of  exchange  and  the  final  laol-^f traction  of  deutenuiTi 

is  greater  for  the  sulphonic  acid  resin  than  for  the  carbois^lic  resin, 
although  the  ion-excliange  capacity  of  the  caiboiylic  resin  is  greater* 

At  20  C°  there  is  no  measurable  exchange  between  deuterium  oxide 
and  the  hydrogen  atoms  of  the  cation-exchangers,  but  it  increases  with 
temperature  for  Amberlite  IR-120,  and  increases  with  temperature  for 
Amberlite  IRC-^0  to  approximately  75  C°,  after  which  the  amount  of 
exchanged  deuterium  decreases  because  of  damage  to  the  resin*  In  both 
resins  the  speed  of  exchange  increases  with  increase  in  teraperatureo 
IJhen  the  pri  of  the  deuterium  oxide  is  modified  though  the 
addition  of  hydrochloric  acid  and  sulphuric  acid,  the  final  eiajhanged 
quantity  in  Amberlite  IR-120  increases  with  the  decrease  in  p^  because 
of  the  exchange  reactions  between  hydrochloric  or  sulphuric  acid  and 
the  deuterium  oxide.  In  Amberlite  IRC-50  the  exchange  capacity  decreases 
xirith  the  decrease  in  p^,  because  under  these  circuras^ces  dissociation 
of  the  carboxylic  groups  is  suppressed.  In  both  resins,  however,  the 
speed  of  exchange  is  greater  in  an  acidic  solution  than  in  a  neutral 

solution.  4.*  ^ 

The  exchange  reaction  speed  increases  with  reoucoion  oi  tne 
grain  size  of  the  resin  because  of  the  reduced  role  played  in  the 
exchange  by  diffusion.  The  end  concentration  of  deuterium  on  the 
resin,  however,  is  independent  of  the  grain  size  of  the  resin,  prdbabjy 
because  the  active  places  are  evenly  distributed  on  the  resin. 

In  the  case  of  the  carboxylic  resin  the  separation  factor  ali^rays 
is  smaller  than  unity,  possibly  because  of  hydrogen  bridges  formed  between 
the  carboxyl  groups  of  the  resin  and  the  adhered  trater.  The  same  occurs 
in  the  case  of  the  acetic  acid  -  deuterium  oxide  pair. 

An  increasingly  larger  apparent  separation  factor  also  was  found 
for  the  sulphonic  acid  resin,  which  may  be  eiqilained  by  the  formation  of 
RSOo  •  OH’*’  ion-complexes  by  part  of  the  RSOoH  groups.^  The  formation  of 
iJiese  ion^complexes,  however,  is  a  limited  precess  which  is  aided  by  an 
increase  in  temperatures. 
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FIG-TJRS  Apperos? 


Figtare  1.  Ejcchange  capacity  as  a  ftaiction  of  the  type  of  rpsi 


FIgtjre  2«  EKbaiiga  caimcit-y  as  a  fiitictloii  of  tejapsrat«re» 


Figure  2(c) *  Mol-fraction  of  (Ssuteriusa  boimd  on  the  resin  as  a 
function  of  teaperatiure. 


2^^ 


Figure  3»  aid  esochajige  capacity  aM  tM  eM  mol»fraGticn  as 
functions  of  tcurperature. 
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Figure  as  a  £t!n.ctto  cf  of  th®  soiutioR  tv'hen 

the  is  modif  ied  >Tith  iij'dcocb.l.o'irf.c  acid. 


Figttre  li(c)e  Mol^ft'act-ion  of  de-ut-eritSiS  boimd  oai  the  res  in  ss  a  function 
of  fFi  of  soiitticm  In  the  case  cf  hydrochloric  acid. 


Figure 
of  PH  0 


Esdg  cxchiinge  capacity  and  the  end  mol-fraction  as  functions 
if  the  solti'txon  in  t^ie  case  of  hydrochloric  acid. 
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F-lstire  6« 
ttl3 


^  fun-C'C’Csi  oi  P^ 
is  modified  Vfith  siilplTi.u'-ic  acid* 


of  the  solution  vfhen. 


Figuxe  6(c.)*  MoX-fracticjn  of  dsuterim  bound  c» 
of  p^T  O'?  solution  in  the  case  od.  sixlphunic 


the  resin  as  a  functicsi 

B,C  Id# 
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Figure  ?•  Snd  excr^ajjae  capacity  arid,  end,  mol-faraction  as  functions 
of  p|r  of  tJie  solution  in  the  case  of  .sulpiiuric  acid. 


30 


